Background：A measurement of the coronary flow velocity reserve (CFVR) with transthoracic Doppler echocardiography (TDE) is a good noninvasive method for detecting a coronary stenosis. However, microcirculatory impairment is a major limitation in assessing the coronary stenosis by CFVR. The effect of microcirculatory impairment on the CFVR can be minimized, and the diagnostic accuracy for detecting a coronary restenosis can be improved using serial evaluations of the CFVR. Methods：This study prospectively measured the CFVR in 36 consecutive patients (age; 57±11 years, 23 men), in whom a successful PCI of the left anterior descending artery (LAD) was performed. The coronary flow velocity in the distal LAD was measured by TDE, and the CFVR was calculated. The initial CFVR measurement (CFVR 0 ) was performed the next day after the PCI, and a follow-up CFVR measurement (CFVR 1 ) was obtained on the day before the 6-month follow-up CAG. A significant decrease in the CFVR 1 was defined as (CFVR 0 -CFVR 1 )/CFVR 0 >0.1, and a restenosis was defined as >50% of the stenosis diameter on a quantitative CAG. Results：Adequate TDE studies for the CFVR were performed in all patients, and the follow-up CAG showed a restenosis in 9 (25%) patients. The sensitivity and specificity of the CFVR 1 <2.0 was 5/9 (56%), 27/27 (100%), and those of the CFVR 1 <2.5 were 8/9 (89%), 22/27 (81%) for predicting a LAD restenosis, respectively. The significant decrease in the CFVR had a sensitivity of 9/9 (100%) and a specificity of 25/27 (93%). In addition, in the 15 patients with either diabetes or LVH, the significant decrease in the CFVR was more accurate (15/15, 100%) than the CFVR 1 <2.5 (11/15, 73%). Conclusions：Regardless of the associated microvascular impairment, a serial noninvasive assessment of the CFVR by TDE can improve the diagnostic accuracy of CFVR for detecting a LAD restenosis. (Korean Circulation J 2004 ; 34 (7) : 660-669) 
Introduction
After successful percutaneous coronary intervention (PCI), restenosis occurs in 25-40% of patients. This is recognized as a critical clinical impediment limiting PCI. [1] [2] [3] The restenosis occurs primarily within 6 months of PCI. 4) In the diagnosis of restenosis, treadmill test, stress echocardiography and thallium spect., which have been used for the non-invasive diagnosis of angina pectoris,
can not accurately diagnose restenosis as its false positive and false negative rates are high. 5)6) Coronary angiograms have thus been used as the standard method for the diagnosis of restenosis. However, a coronary angiogram is invasive and a morphological test that measures the coronary artery internal diameter. As the degree of morphological stenosis can not accurately show the degree of myocardial blood flow impairment due to coronary artery disease, 7) the necessity of functional tests for assessing the blood flow impairment has been suggested.
In the mid 1990s, the direct intravascular measurement of the coronary flow velocity during a coronary angiogram by Doppler guide wire became available, 8) and measurement of the coronary flow velocity reserve (CFVR)
was calculated by the ratio of the coronary flow velocity under hyperemia and under baseline conditions. As the coronary flow velocity reserve is a crucial diagnostic indication of the overall coronary flow, including coronary restenosis and microvascular impairment, its possible application to the diagnosis of coronary stenosis and restenosis after coronary angioplasty has been reported.
9)10)
Recently, the technical improvement in trans thoracic Doppler echocardiography allows the visualization of coronary flow in the distal left anterior descending coronary artery and the non-invasive assessment of the coronary flow velocity reserve, [11] [12] [13] [14] which is highly correlated to the coronary flow velocity reserve measured by invasive means. 16 )18) 19) This permits the measurement of the coronary flow velocity reserve, which has previously been invasively measured by applying the Doppler guide wire in the catheterization laboratory, in the echocardiography laboratory simply without additional costs and thus its clinical application has become more convenient. 15)16) However, as the coronary flow velocity reserve varies according to coronary stenosis and microvascular impairment, a single measurement may cause problems for the diagnosis of stenosis.
Here, assuming that the decrease in the coronary flow velocity reserve, within the relatively short 6-month follow-up period, is due to coronary restenosis rather than the exacerbation of microvascular impairment, efforts were made to improve the accuracy of the diagnosis of restenosis by repeatedly measuring the coronary flow velocity reserve in patients having undergone coronary angioplasty and thus minimize the effect of microvascular impairment.
Methods

The study population
The study population was comprised of 36 patients who successfully underwent coronary angioplasty in the left anterior descending coronary artery between March and August 2002. Patients without sinus rhythm, those with a previous history of acute myocardial infarct or bronchospasm, over 30% residual stenosis after coronary angioplasty or who refused to undergo the follow-up coronary angiogram were excluded from the study.
The measurement of coronary flow reserve by transthoracic Doppler echocardiography
Echocardiography was performed by applying a high frequency transducer (5 MHz) using Acuson Sequoia 512 digital ultrasound system (Acuson, California). In color Doppler, the velocity range was adjusted to between 12-24 cm/second. With correct filtering, the artifact of low frequency wall movement was minimized. Echocardiographic images from the 4th or 5th intercostal space 
Quantitative coronary angiogram
In all patients, the coronary angiogram was performed by conventional methods. The quantitative analysis of the coronary angiography was performed blindly by experienced investigators. The calibration was performed by applying the diameter of the guide catheter or the diagnostic catheter. After administration of nitroglycerin, the coronary angiogram was performed.
The coronary angiographic pictures were analyzed by a quantitative analyzer (Ancor 2.0, Siemens, Erlangen, Germany). The internal diameter of the reference vessel, the internal diameter of lesions, and the diameter of stenosis were measured. The length of a lesion was determined on a coronary angiographic picture that had the least foreshortening by measuring the distance from the proximal shoulder to the distal shoulder. Over 50% restenosis of the internal diameter was defined as significant restenosis.
Statistical analysis
Continuous variables were presented as the mean± standard deviation. In the comparison of groups, the continuous variables were analyzed using the Student t- 
Results
In all 36 patients, the coronary flow velocity reserve was measured 1 day and 6 months after the coronary angioplasty. The coronary flow velocity reserve, the change in coronary flow velocity and coronary angiography were compared.
The clinical characteristic of patients
The mean age of the study population was 57±11 years (ranged from 30 to 75 years), with 23 males (64%).
In regard to the risk factors of coronary diseases, 12 (33%), 20 (56%), 13 (36%) and 12 cases (33%) had diabetes, high blood pressure, smoking and high serum cholesterol, respectively. On electrocardiogram, left ventricular hypertrophy was detected in 7 cases (21%).
During coronary angioplasty, coronary intervention was limited to the left anterior descending coronary artery in 30 patients, and on multiple vessels in 6 patients. At the follow-up coronary angiogram, significant restenosis, over 50% of the internal diameter of the left anterior descending coronary artery, was detected in 9 patients (25%).
Comparing the value of blood pressure, the serum cholesterol level or the blood sugar level, measured at the baseline and 6 months later, no statistically significant differences were detected in these two groups ( Table 1) .
Coronary flow velocity reserve
In a comparison of patients with and without restenosis, the baseline value of the maximum diastolic velocity in patients without restenosis (n=27), as assessed by thoracic Doppler echocardiogram on the next day after coronary angioplasty, the coronary flow velocity under the maximum hyperemia and the value of coronary flow velocity reserve were 49.0±44.6 cm/sec, 101.8±56.0 cm/ sec and 2.9±1.1, respectively. These values were not significantly different from patients with restenosis, where these values were 60.7±20.0 cm/sec, 116.5±48.0 cm/ sec and 3.3±0.7, respectively.
However, in the follow-up transthoracic Doppler echocardiogram, the diastolic coronary flow velocity values at the baseline in patients without and with restenosis were 32.9±13.2 cm/sec and 47.4±18.8 cm/sec, respectively, and the difference was statistically significant (p< 0.05). The follow-up coronary flow velocity reserves in patients without and with restenosis were 3.3±0.9 and 2.0±0.7, respectively, and the difference was significant (p<0.001, Table 2 ). To obtain the standard error among the investigators, the baseline coronary flow velocity reserve was obtained by two specialists. The standard error of investigators was estimated to be 3.2%.
Appling a follow-up coronary flow velocity reserve of less than 2.0 as the criteria, the sensitivity and specificity of the diagnosis of restenosis in the left anterior descending coronary artery lesion were 56 (5/9) and 100% (27/27), respectively. The positive and negative predictive values were 100 (5/5) and 68% (27/31), respectively. In such an assessment, the shortcoming was low sensitivity. Appling a follow-up coronary flow velocity reserve of less than 2.5 as the criteria, the sensitivity and specificity were 89 (8/9) and 81% (22/27), respectively. The positive and negative predictive values were 62 (8/13) and 96% (22/23), respectively. Although the sensitivity was increased, the shortcoming was the decreased specificity. Regarding the significant difference in the CFVR analyzed by the ROC curve, the best sensitivity and specificity were obtained when 10% was applied as the criterion of a significant decrease in the coronary flow velocity reserve ( Figure 3 ).
When measured repeatedly, for the assessment of the significant reduction of coronary flow velocity reserve, the sensitivity and specificity of significant decrease of CFVR were 100 (9/9) and 93% (25/27), respectively. Additionally, the follow-up coronary flow velocity reserve was significantly and inversely correlated to the degree of restenosis of the internal diameter shown on the coronary angiogram. The decrease in the CFVR was significantly correlated to the stenosis of the internal diameter shown on the coronary angiogram ( Figure 4) . In 15 patients with diabetes or left ventricular hypertrophy, which are known to induce microvascular impairment, in the diagnosis of restenosis, the assessment of the significant reduction of coronary flow velocity reserve was more accurate than when a follow-up coronary flow velocity reserve of less than 2.5 was applied as the standard criteria ( Table 4) . pectoris that is difficult to accurately evaluate by coronary angiogram and the early diagnosis of the accelerated atherosclerosis after a heart transplant. In addition, the advantage of this procedure is its lower cost than assessment by magnetic resonance imaging or positron emission tomography.
Under normal physiological condition, 95% of coronary resistance is determined by the intra-myocardial resistant vessel; particularly, the 50-500 μm intra-myocardial resistant vessel plays an important role of controlling coronary flow velocity in response to the oxygen requirement of the myocardium. When the hyperemia of coronary flow velocity is induced by exercise, a vasodilator or other stresses, small vessels are dilated. If small vessels were already somewhat dilated, due to existing coronary arteriosclerosis, the increase in the coronary flow velocity reserve, which is the velocity value, in response to stress is limited. Hence, the flow velocity reserve is decreased in cases with over 50% stenosis. By applying this, stenosis over 50% can be diagnosed. Recently, such a procedure has been reported as non-invasive and accurate in predicting restenosis after coronary angioplasty. Ruscazio et al. reported that applying a coronary flow velocity diogram, of less than 2.0 as the standard, the sensitivity and specificity were 78 and 93%, respectively, in the diagnosis of significant restenosis. 10) Our data are in agreement with this report. Our results showed that applying a coronary flow velocity reserve value of 2.0 as the standard, the sensitivity and specificity were 56 and 100%, respectively. Applying 2.5 as the standard, the sensitivity and specificity were 89 and 81%, respectively.
In addition, Nagel et al. 22) reported that in the diagnosis of restenosis, by measuring the coronary flow velocity reserve using magnetic resonance imaging (MRI), applying 1.2 as the standard, the sensitivity and specificity were 83 and 94%, respectively. These studies predicted coronary restenosis by a single measurement during a coronary angiogram. The factors influencing the coronary flow velocity are the heart rate, the change in arterial pressure, left ventricular hypertrophy and microvascular angina. [24] [25] [26] [27] [28] [29] [30] It has been reported that in patients with an increased heart rate or preload, myocardiac hypertrophy or microvascular angina, even without coronary stenosis, the coronary flow velocity reserve can be decreased. Thus, the prediction of the degree of coronary stenosis by a single measurement may cause problems.
As the measurement of coronary flow velocity reserve by transthoracic Doppler echocardiogram has the advantages of lower cost and noninvasiveness, it can readily be repeatedly measured. The change in the coronary flow velocity reserve, when measured repeatedly within a short period, may be due to coronary restenosis rather than a change in the left ventricular hypertrophy or exacerbation of microvascular impairment. Thus, the coronary flow velocity reserve value that is significantly lower than the baseline value may be helpful in the diagnosis of restenosis.
Our results have demonstrated that when the decrease in the coronary flow velocity reserve was significant, the sensitivity and specificity were 100 and 93%, respectively. Applying a follow-up coronary flow velocity reserve of less than 2.0 as the criteria, the sensitivity and specificity of the diagnosis of restenosis in the left anterior descending coronary artery lesion were 56 (5/9) and 100% (27/27), respectively. The positive and negative predictive values were 100 (5/5) and 68% (27/31), respectively. Using the standard 2.5, the diagnosis of restenosis could be more accurately made. In such an assessment, the sensitivity and specificity were 89 and 81%, respectively.
Furthermore, in the diagnosis of restenosis in patients with left ventricular hypertrophy or diabetes that could cause microvascular impairment, the prediction was more accurate when a decrease in the coronary flow velocity reserve was applied as the standard.
In this study, 10% was considered as a significant decrease in the follow-up coronary flow velocity reserve value, as it must be larger than the 3.2% standard error of the investigators. In addition, when 10% was applied as the standard to the ROC curve analysis of the change in the coronary flow velocity reserve value, the sensitivity and the specificity were improved.
With regard to the heart rate and arterial pressure that may affect the coronary flow velocity reserve, their influence was ruled out, as a significant difference in patients with and without restenosis was not detected.
Similarly, in comparison of the serum cholesterol or serum sugar levels of the baseline and follow-up periods, their differences were not statistically significant.
It is anticipated that the most suitable clinical indications of the coronary flow velocity reserve value obtained by transthoracic Doppler echocardiogram are; 1) the diagnosis of coronary restenosis, where the conventional noninvasive procedure has limitations. 2) the cases requiring Doppler guide wire, which are invasive and expensive; in other words, in cases requiring the evaluation of the 
